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Project Abstract 
This project will examine inert matrix fuels containing ZrO2 and MgO as the inert matrix, 
with the relative amount of MgO varied from 30 % to 70 % in ZrO2.  Reactor physics 
calculations will be used to examine suitable quantities of burnable poisons from the 
candidate elements Gd, Er, or Hf with reactor grade Pu providing the fissile component, 
with up to 10 % of 239Pu.  Ceramics will be synthesized and characterized based on the 
reactor physics results.  The solubility the fuel ceramics, in reactor conditions, 
reprocessing conditions, and repository conditions, will be investigated in a manner to 
provide thermodynamic data necessary for modeling.   
The fuel matrix will be designed based on neutronic properties, repository 
behavior, and reprocessing characteristics.  The matrix should be as neutron transparent 
as possible.  Burnable poisons will be used to maintain constant reactivity.  The matrix 
should also act as a suitable host form for fission products and actinides in a repository 
environment.  Finally, the matrix should be compatible with reprocessing schemes under 
development in the advanced fuel cycle 
 
Work performed in this quarter (July 2004 to September 2004) 
 
In this quarter work was performed on synthesis of ceramics and reactor physics 
calculation.  The work was build upon the results from the previous quarter.  The fuel 
synthesis focused on the conditions and ratios of inert matrix material necessary for 
synthesis of a single phase.  The reactor physics calculations examined the Pu loading 
necessary to achieve industry standard fuel cycle lengths and the matrix composition 
effect on Pu loading. 
  
Ceramic Pellet Synthesis 
Magnesia and zirconia containing ceramics were synthesized by aqueous 
hydroxide precipitation, followed by calcination to oxides following a known procedure 
[1].  The oxide ratios were selected based on previous work [2].  Zinc stearate, a common 
 2
binder for ceramic fabrication, was added to the oxide powders before pressing. The zinc 
stearate concentration was varied for all the oxide combinations: 0%, 1%, and 5% 
wt./wt..  Oxide powders were pressed into 1cm by 1 cm diameter cylinders at 100 MPa 
using a press die that was developed from a similar design from plans from the Argonne 
National Laboratory – West [3]. The pellets were sintered at 1500 oC for 4 hours and 
allowed to cool in the oven. 
 
 
Figure 1.  MgO-ZrO2 pellets synthesized from precipitation of metal salts 
 
The sintered pellets were prepared for XRD analysis using a mortar and pestle. 
The relative ratios of the different phases present in the ceramic were determined using 
the XRD pattern with software manipulation.  It was found that the concentration of 
binder had little effect on the ceramic phase composition.  From Figure 2 , it can be seen 
the concentration of cubic stabilized zirconia (CSZ) increase while the baddeleyite and 
tetragonal stabilized zirconia (TSZ) decrease with decreasing magnesia in the ceramic. 
0
10
20
30
40
50
60
35 40 45 50 55 60 65
MgO
CSZ
Baddeleyite
TSZ
W
t %
 P
ha
se
Wt % ZrO
2  
Figure 2.  Phase composition with different ZrO2 weight percent 
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Based on these results, a single phase ceramic for the inert matrix is under 
investigation.  A decrease in magnesia should result in a decrease of the baddeleyite and 
TSZ phases of zirconia. 
 
Reactor Physics Calculations 
All calculations were performed with BOXER computer code in typical PWR fuel 
assembly geometry and operating conditions. The fuel assembly geometry and operating 
conditions assumed in this analysis are identical to those used for the benchmarking of 
BOXER code reported in Task 1 Progress Report. The calculations were performed for 
the fuel assembly with reflective boundary conditions; that is in infinite medium. 
Two different Pu isotopic compositions were considered in order to capture the 
effect of using Pu from old Light Water Reactors spent fuel with low burnup and long 
decay time versus Pu from advanced LWR spent fuel with high burnup and relatively 
short time after discharge. The 239Pu fraction in low burnup fuel is higher but long 
cooling period reduces the fraction of fissile 241Pu, which decays to 241Am with half-life 
of about 14 years. Therefore, the effects of these two phenomena on the fuel reactivity 
are expected to be mutually compensating to some extent. The two Pu vectors considered 
and basic assumptions used to obtain these vectors are summarized in Table 1.   
Table 1.   Pu Isotopic Vector and Calculation Assumptions Summary 
Pu Vector Composition PWR-50 PWR-33 
UO2 Initial Enrichment, % 4.2 3.2 
Discharge fuel Burnup, MWd/kg 50.0 33.0 
Decay time after discharge, Years 10 25 
Pu-238, wt. % 3.18 1.35 
Pu-239, wt. % 56.35 62.56 
Pu-240, wt. % 26.62 26.53 
Pu-241, wt. % 8.02 4.30 
Pu-242, wt. % 5.83 5.25 
 
 
The discharge fuel burnup and fuel cycle length were obtained by applying Linear 
Reactivity Model (LRM) [3] to the results of 2-dimensional fuel assembly burnup 
calculations. The basic assumptions of LRM are 
- Equal power share between different fuel batches within the core 
- Linear dependence of fuel reactivity on burnup 
The former assumption is not necessarily true in most realistic cases. However, the effect 
of unequal power share on discharge burnup estimation is typically small [4]. 
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In this quarter, we determined Pu loading necessary to achieve industry standard 
fuel cycle lengths of 12, 18, and 24 months. Additionally, we investigated the achievable 
fuel burnup sensitivity to the composition of fertile free MgO – ZrO2 matrix. 
In order to account for the non-linear shape of the criticality as a function of 
burnup curves, modified Linear Reactivity Model was applied to the results of 2-
dimansional fuel assembly burnup calculations in order to estimate the discharge fuel 
burnup. The reactivity dependence on burnup was described by the 3rd order polynomial 
function instead of conventional linear dependence assumption. Such LRM modification 
was found to be important. The error in discharge burnup estimation by the simple LRM 
versus more accurate polynomial description approach may reach up to 180 EFPD 
(Figure 3).  
In the current analysis, we used typical PWR with UO2 fuel leakage reactivity 
worth value of 0.03. However, the leakage reactivity worth was estimated to be 
somewhat higher than in a typical UO2 fuel case and dependant on Pu loading. The 
uncertainty in leakage reactivity estimation may result in an increase of required PuO2 
loading by up to 0.17 volume %. The leakage effect in fertile free cores can be correctly 
evaluated only in 3-dimensional full core neutronic simulation.  
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Figure 3  Reactivity vs. burnup curves for conventional UO2 and fertile free fuel 
 
All calculations in current analysis were performed for two Pu isotopic vectors: 
from low burnup LWR fuel with long decay time (PWR-33) and high burnup LWR fuel 
with short decay time (PWR-50).  The difference in estimated discharge burnup between 
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the two considered Pu vectors ranges from 30 to about 60 EFPD in the fuel cycle lengths 
range of interest. Therefore, we concluded that the Pu composition has generally minor 
effect on fertile free fuel criticality and achievable discharge burnup. This is partially due 
to the mutually canceling effects of higher Pu239 fraction but lower Pu241 fraction in 
PWR-33 as compared to PWR-50 grade plutonium.  Table 2 shows the results of the 
calculation of initial Pu content required to achieve 12, 18, and 24 months fuel cycle 
length. These PuO2 volume % values are used as reference cases for the investigation of 
cycle length sensitivity to fuel matrix composition. 
Table 2. Pu Loading Requirements for Standard Fuel Cycle Lengths  
Cycle Length, 
Calendar 
Months 
Cycle Burnup, 
EFPD 
Discharge 
Burnup, 
EFPD 
PuO2 loading, 
vol. % 
(PWR-33 Pu) 
PuO2 loading, 
vol. % 
(PWR-50 Pu) 
12 302 905 4.84 5.04 
18 466 1398 7.55 7.78 
24 630 1891 10.25 10.60 
 
The achievable fuel burnup exhibits extremely weak dependence on the fuel 
matrix composition. This is due to the low absorption in both Zirconia and Magnesia. Zr 
is slightly more neutron absorbing material than Mg. Therefore, an increase in ZrO2 
fraction in the matrix results in a decrease in discharge fuel burnup and corresponding 
increase in required Pu loading. Variation of ZrO2 volume fraction from 30 to 70% 
results in up to ±8 EFPD deviation from the discharge burnup of the reference 50% ZrO2 
– 50% MgO fuel matrix composition. This range of differences in discharge burnup 
values translates into almost ± 0.04 volume % range in PuO2 loadings required to achieve 
the reference fuel cycle length.  
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